Copy number variants (CNVs) are widely distributed throughout the human genome, where they contribute to genetic variation and phenotypic diversity. Spontaneous CNVs are also a major cause of genetic and developmental disorders and arise frequently in cancer cells. As with all mutation classes, genetic and environmental factors almost certainly increase the risk for new and deleterious CNVs. However, despite the importance of CNVs, there is limited understanding of these precipitating risk factors and the mechanisms responsible for a large percentage of CNVs. Here we report that low doses of hydroxyurea, an inhibitor of ribonucleotide reductase and an important drug in the treatment of sickle cell disease and other diseases induces a high frequency of de novo CNVs in cultured human cells that resemble pathogenic and aphidicolin-induced CNVs in size and breakpoint structure. These CNVs are distributed throughout the genome, with some hotspots of de novo CNV formation. Sequencing revealed that CNV breakpoint junctions are characterized by short microhomologies, blunt ends, and short insertions. These data provide direct experimental support for models of replication-error origins of CNVs and suggest that any agent or condition that leads to replication stress has the potential to induce deleterious CNVs. In addition, they point to a need for further study of the genomic consequences of the therapeutic use of hydroxyurea. C opy number variants (CNVs), defined as submicroscopic deletions or duplications of as few as 50 bp to more than a megabase, are distributed throughout the human genome (1) (2) (3) (4) (5) (6) . With many thousands of normal polymorphic CNVs now described in healthy individuals (7) (8) (9) , it is clear that human genetic variation is influenced by large-scale structural changes much more than previously believed. It has also become clear that many CNVs have deleterious consequences. Spontaneous CNVs are a very important and frequent cause of genetic and developmental disorders, including intellectual disability, neuropsychiatric disorders, and structural birth defects (10) (11) (12) (13) (14) (15) (16) , and their frequency suggests a high de novo mutation rate.
Despite their importance, there is limited understanding of how many CNVs arise and the risk factors involved. Recurrent CNVs are observed at regions flanked by large segmental duplications and arise by nonallelic homologous recombination during meiosis (4) . However, nonrecurrent CNVs are observed throughout the genome in regions lacking such segmental duplications, and the mechanisms and risk factors involved in their formation are poorly understood. We previously demonstrated that low doses of the DNA polymerase inhibitor aphidicolin (APH) induced de novo CNVs at a high frequency (17, 18) . These CNVs resembled both normal polymorphic and de novo, nonrecurrent CNVs seen in humans in size and structure. However, these studies did not elucidate whether CNV induction could be attributed to generalized replication stress or was specific to APH-mediated polymerase inhibition. To answer this question, we performed a series of experiments using the mechanistically distinct and clinically relevant replication inhibitor hydroxyurea (HU). HU leads to replication stress via inhibition of ribonucleotide reductase and perturbation of nucleotide pools and replication fork progression (19) . Chronic HU treatment also leads to increased expression of fetal hemoglobin, possibly through stimulation of cellular nitric oxide and cGMP signaling in erythroid progenitors (19) (20) (21) (22) (23) , which results in reduced sickling and amelioration of disease (24) . As a result, HU-treated patients have fewer vasoocclusive events and require fewer transfusions and hospitalizations (24) . HU treatment is therefore an effective drug for long-term management of sickle cell disease (21) and other disorders, including certain cancers, myeloproliferative disorders, thalassemias, and HIV infection (25) . Here we examined the effects of therapeutic doses of HU on CNV formation in normal human fibroblasts.
Results
Genomic Effects of HU in Human Fibroblasts. Normal human telomerase reverse transcriptase (hTERT)-immortalized human fibroblasts were cultured in the presence of HU, at doses equivalent to serum levels achieved in sickle cell patients (26, 27) , or APH for 72 h before plating for clones. Expanded individual clones were subjected to CNV analysis using Illumina 1M SNP arrays (Fig. S1 ). De novo CNVs are defined as a gain or loss detected in a clone that is absent from the parental cell population. De novo CNVs can arise as a result of drug exposure or can arise spontaneously during cell culture. The parental cell population had been expanded from a single clone to reduce the number of potentially mosaic CNVs within it. Fifteen independent clones from untreated, 100 μM, 200 μM, and 300 μM HU-treated cells and 14 positive control clones of 0.4 μM APHtreated cells were analyzed. De novo CNVs were identified in untreated clones at a frequency of 0.80 CNVs per clone and in APH-treated clones at a frequency of 2.79 CNVs per clone (P < 0.00001) (Fig. 1A) . HU treatment induced a significant number of de novo CNVs, ranging from 1.60 CNVs per clone in 100 μM and 300 μM HU-treated cells to 2.87 CNVs per clone in 200 μM HU-treated cells (P = 0.023 and P < 0.000001, respectively).
During these experiments, we noted a large effect of HU on cell growth rate. Direct measurement revealed that the population doubling time of HU-treated cells was approximately fourfold slower than in untreated cells. Thus, cells undergoing the fixed 72-h treatment went through varying numbers of cell divisions. During this period, control cells underwent 2.5 cell doublings, whereas HU-treated cells failed to complete a single doubling.
To allow a more direct comparison of CNV frequency per cell division, we repeated the experiment such that all treatment groups were cultured for the time needed to undergo two cell doublings. We analyzed 10 independent clones from untreated, 100 μM HU-treated, and 0.4 μM APH-treated cells, as well as nine clones from 200 μM and 300 μM HU-treated cells. Untreated clones again showed a low background frequency of 0.50 de novo CNVs per clone (Fig. 1B) . After two population doublings with HU treatment, the average number of CNVs increased three-to fourfold over controls, ranging from 1.56 CNVs per clone in 200 μM to 2.10 CNVs per clone in 100 μM and 300 μM HU-treated cells (P = 0.011 and P < 0.001, respectively). Under these conditions, the colony-forming ability of HU-treated cells was significantly reduced compared with untreated cells (P < 10 −8 ) (Fig. 1C) . Because the reduction in cell viability may be due, in part, to negative selection against cells with chromosome aberrations, the observed de novo CNV frequency may be an underestimate.
Comparison of all HU-treated and untreated clones from both experiments yielded a significance of P < 0.000001 and clearly demonstrated that HU shifted the mean rate of CNV occurrence according to the Poisson distribution (Fig. 1D) . Thus, HU is a potent inducer of CNVs. CNVs consisted of a mix of both deletions and duplications. Nine of 17 CNVs (53%) from untreated cells were of the deletion type. The proportion of deletions was slightly higher in both APH-treated clones (58 of 71; 82%) and HU-treated clones (94 of 145; 65%).
Although HU and APH perturb DNA replication via different mechanisms, both agents induce CNVs with a similar size distribution (Fig. 1E ). HU-induced deletions and duplications were generally large, ranging in size from 1 kb to 35.7 Mb, with a median size of 132 kb (median deletion size, 126 kb; median duplication size, 166 kb). Consistent with our previous report (18) , APH-induced deletions and duplications were similar, ranging from 1 kb to 80.3 Mb, with a median size of 165 kb (median deletion size, 163 kb; median duplication size, 191 kb). These sizes are similar to those seen in spontaneous CNVs arising in untreated control cells, which ranged from 19 kb to 1.5 Mb, with a median size of 187 kb (median deletion size, 196 kb; median duplication size, 166 kb).
Approximately 82% (122 of 149) of nonoverlapping regions containing de novo CNVs spanned or interrupted genes (Dataset S1). We used a simulation to estimate the probability that observed CNV regions were enriched for genes (Materials and Methods). The simulation yielded a normal distribution, with 70% ± 4% of random regions crossing a gene (Fig. S2) . The observed frequency of 82% was just outside three SDs of the simulation mean (P = 0.001 from the normal distribution). Although this result suggested a slight enrichment for CNVs at genes, it is likely that the simulation underestimated the true random probability. This would occur if CNVs observed by microarray analysis were restricted to a smaller portion of the genome than that sampled in the simulation and if the regions not well sampled by microarray were gene poor, both of which are expected for repetitive genome regions. Accordingly, we do not consider the observed CNVs to show a strong selection for or against overlapping genes.
Hotspots of De Novo CNV Formation. De novo CNVs detected in HU-and APH-treated cells and untreated controls were distributed throughout the genome, with most arising in distinct, nonoverlapping regions (Fig. 2) . However, superimposed on this pattern were hotspots where different overlapping CNVs were induced by both agents, implicating a common mechanism in their formation (Figs. 2 and 3, Table S1 , and Dataset 1). The most apparent of these hotspots was in a 1.2-Mb window at 3q13.31, adjacent to the LSAMP gene, where we detected 20 CNVs in 73 HU-treated clones, 11 CNVs in 24 APH-treated clones, and 2 CNVs in 25 untreated clones (Fig. 3) . Clustering of CNVs induced by both agents was also found at 7q11.2 in the AUTS2 gene (Fig.  3) . Notably, similar deletions at the 3q13.31 site are frequent in primary osteosarcomas (28) (29) (30) and cancer cell lines (31) , whereas a small number of de novo CNVs in the AUTS2 gene have been reported in individuals with neurological disorders, including autism (32) (33) (34) . It is possible that there is a selective advantage in culture for cells with CNVs in these regions. Nevertheless, each CNV within these hotspots had unique boundaries, indicating that each one arose independently, as opposed to a single CNV being selected in culture, and supporting the hypothesis that these regions are especially sensitive to replication stress. These data illustrate an overlap between experimentally and naturally occurring de novo CNVs and suggest a common mechanistic association with replication stress in their formation.
Other clusters of four or more CNVs occurred at 1p31.3 (NEGR1), 1q44 (KIF26B, SMYD3), 7q21.11 (MAGI2, RPL13AP17), 10q11.23 (PRKG1), and 16q23.3 (WWOX). CNVs at 16q23.3 are within the highly expressed and molecularly defined common fragile site, FRA16D (35) . The deletions at 7q21.11 are ≈1 Mb proximal to the defined location of the fragile site FRA7E. Fragile sites have also been reported at 3q13.3, 7q11.2, and 1q44 (36) , but their exact genomic locations have not been determined.
Characterization of De Novo CNV Breakpoint Junctions. To explore the mechanism of HU-induced CNV formation, we examined the sequences at 17 CNV breakpoint junctions from 13 deletions and 2 duplications in HU-treated cells and 5 breakpoint junctions from 4 deletions and 1 duplication in untreated cells (Fig. 4 , Table  1 , and Fig. S3 ). All five sequenced CNV junctions from untreated clones were characterized by short (2-5 bp) stretches of microhomology. Of the sequenced junctions from HU-treated clones, 8 of 17 (47%) were blunt ends (0 to 1 bp of homology) and 9 of 17 (53%) had short (2-8 bp) stretches of microhomology. Three of 17 HU-induced CNV junctions were from a single, complex CNV (Fig. 4) . This CNV consisted of an inverted region flanked by deletions and a short, ectopically duplicated segment detected as an insertion at the deletion breakpoint junction. This insertion matches a sequence 9 bp upstream of the junction, aligned with the reverse complement strand, suggesting that this insertion is not the result of polymerase slippage. Instead, it seems that a template switch occurred in which the newly synthesized strand folded back and used itself as a template for replication, before switching further downstream to create a 48.3-kb deletion (Fig. 4) . The breakpoint junctions on either end of this insertion were characterized by a single base pair of homology.
We were successful in sequencing the breakpoint junctions from 54.1% (20 of 37) of attempted CNVs. The success rate for deletions was 58.6% (17 of 29) and for duplications was 37.5% (3 of 8). It is possible that the breakpoints that were sequenced represent junctions with a simple structure that are easier to amplify. The CNVs for which breakpoint cloning failed may represent junctions with complex structures that are difficult to amplify, even using multiple primer sets flanking the breakpoints, as we have done. As such, we expect that our single complex CNV is an underrepresentation of the actual incidence of complex events in our samples.
The similarity in breakpoint junctions between spontaneous CNVs in untreated cells and HU-induced CNVs suggests that both of these types of de novo variants arise via a common mechanism and that exogenous replication stress is increasing the incidence of events that occur spontaneously at a baseline level. None of the junctions had long stretches of homology that would implicate homologous repair in their formation, thus indicating that these lesions are formed via a nonhomologous repair mechanism.
Discussion
These experiments show that HU, at doses equivalent to the peak serum levels achieved in sickle cell patients, is a potent inducer of CNVs in normal human cultured fibroblasts. The sizes and breakpoint junction sequences of HU-induced CNVs are consistent with the nonrecurrent class of de novo pathogenic CNVs (37-41), a large class of normal human CNVs (5-7, 42), and APH-induced CNVs (17, 18, 43) (Fig. S4) . These results strongly support a common mechanism mediated by replication stress for the formation of CNVs found in vivo and those induced in our experimental system. Like many human CNVs and those induced by APH, HUinduced CNVs and de novo CNVs in untreated cells were characterized by short microhomologies at breakpoint junctions and include complex rearrangement events. The fact that all of these CNVs have similar breakpoint junctions suggests that CNVs in vivo and in vitro all arise via a replication stress- Fig. 3 . Clustering of HU-and APH-induced CNVs at 3q13.31 and 7q11.22. Clustering was defined as a region of the genome containing four or more overlapping or closely adjacent CNVs within a 2.5-Mb window (Materials and Methods). Although overlapping CNVs were found in these regions, all had distinct breakpoints. Fig. 2 . Locations of replication stress-induced CNVs. Red circles indicate HU-induced CNVs, blue squares indicate APH-induced CNVs, and green triangles indicate spontaneously arising CNVs in untreated cells. Markers above and below chromosomes represent duplications and deletions, respectively. Three large terminal deletions were also observed and are shown, although such events were considered to be a different class of alteration than smaller CNVs. Ideograms were adapted from the University of California, Santa Cruz genome browser (http://genome.ucsc.edu) (58) . Precise coordinates for all de novo CNVs are listed in Dataset S1. mediated process. Both end-joining and replication-dependent mechanisms have been proposed to explain the microhomologies seen at CNVs. Lee et al. (37) proposed a model, termed "fork stalling and template switching," in which replication forks switch to another active fork. Hastings et al. (44) proposed a modification of this model, termed "microhomology-mediated break-induced replication," that invokes template switching repair of single-sided DSBs formed at collapsed forks. An important feature of human CNVs that led to these models was the existence of complex CNVs with multiple junctions indicative of multiple template switching events. One of our sequenced, HUinduced CNVs proved to be similarly complex (Fig. 4) , providing direct experimental support for these models.
Because these experiments were performed using an arraybased technology, there is an inherent ascertainment bias against CNVs within highly repetitive regions. However, CNVs that extend from repetitive regions into nonrepetitive sequence are still readily detectible, and the presence of repeat elements within breakpoint regions should not interfere with our ability to amplify and sequence across breakpoint junctions. Indeed, there were several instances in which one or both junctions were located within LINE1, SINE, or other DNA elements. However, in none of these cases did both breakpoints of a CNV share a common type of repeat element, arguing against a nonallelic homologous recombination-based mechanism of formation.
Because meiotic cells do not replicate chromosomes, and nonhomologous repair is down-regulated during meiosis (45) , constitutional human CNVs similar to those detected here are predicted to originate in mitotic cells in or leading to the germline (18) . The mitotic cell origin hypothesis has important implications for the risk involved in CNV formation. For example, males complete ongoing mitotic divisions leading to mature germ cells throughout adulthood, whereas females do so during fetal development, thus predicting a male sex bias in risk for de novo, nonrecurrent CNVs, coupled with a possible age effect. In addition, agents like HU that perturb replication may be a factor in producing CNVs in the maternal grandchildren of females exposed during pregnancy. This hypothesis also predicts that CNVs will arise frequently in postzygotic cells, leading to somatic mosaicism within or between tissues. Indeed, substantial evidence exists for somatic mosaicism of pathogenic CNVs, such as in the NF1 and DMD genes (39, 46, 47) , and for apparently benign CNVs in identical twins (48) and in different tissues within individuals (49, 50) . The overlap of some CNV hotspots with common fragile sites suggests a mechanistic link between the events leading to fragile site chromosome breaks and induction of some CNVs. However, de novo CNVs were not observed in or near other frequently observed common fragile sites, including FRA3B and FRA7G. This result could be due to selection pressures inherent to generating fibroblast clones harboring CNVs in these regions or, alternatively, a more complex relationship between fragile site instability and CNVs secondary to their common induction by replication stress. Both depletion of nucleotide pools by HU and polymerase inhibition by APH lead to reduced replication fork rate, fork stalling, and activation of dormant origins (51) (52) (53) (54) . It has recently been shown that dormant origins are only activated in early replicating regions, whereas origin firing is suppressed by S-phase checkpoints in late-replicating regions of the genome (54) . Late replication, failed activation of dormant origins, or a paucity of cell type-specific replication initiation sites, as recently described for the FRA3B locus (55), may be a common feature that leads to fork stalling, incomplete replication, and genomic instability of at least some fragile sites and the observed CNV hotspots.
HU is now the second agent shown to experimentally induce CNVs. Although HU and APH impair DNA replication via different mechanisms, both agents induce CNVs at a similar frequency and size distribution. Therefore, we can begin to define a class of potential risk factors for CNVs. Our results indicate that any agent or condition that leads to replication stress has the potential to induce deleterious, de novo CNVs. Unlike direct DNA-damaging agents, comprehensive genomic studies defining the effects of agents that cause replication stress are lacking. Our results demonstrate the importance of identifying and studying the effects of such agents on our genomes to better understand the risks of replication stress for de novo CNVs.
HU is approved by the US Food and Drug Administration for the treatment of adults with sickle cell disease and is in phase III clinical trials in infants and children. It has clear benefits for the treatment of sickle cell disease, as well as some types of cancer, myeloproliferative disorders, thalassemias, and HIV infection (25) . The long-term effects of HU treatment were recently reported in a 17.5-y follow-up of adults undergoing HU therapy, with no difference in the incidence of stroke, organ dysfunction, infection, or cancer reported between treated individuals and controls (56) . Although HU is well-tolerated and has low toxicity in patients, reproductive studies are limited, and the long-term effects of HU on the genomes of subsequent generations have not been evaluated. Thus, our observation that HU induces CNVs at concentrations equivalent to the peak serum levels achieved in sickle cell patients (26, 27) suggests a cautionary note regarding the therapeutic use of HU. Moreover, we note that HU induced de novo CNVs in cultured cells in one or two cell divisions, whereas patients are treated with HU for many years. It is not possible to directly extrapolate current findings to human CNV risk. However, these observations indicate that the intergenerational, germline effects of HU and other replication inhibitors should be determined to directly test the replication stress hypothesis for CNV formation in vivo and further assess the potential risk for submicroscopic genomic structural changes in the genomes of HU-treated patients and their future generations.
Materials and Methods
Generation of Normal Human Fibroblast Clones Containing CNVs. All experiments were performed with an hTERT immortalized derivative of normal human fibroblast cell line HGMDFN090 (090), which was obtained from the Progeria Research Foundation (Peabody, MA) and previously described (18) . Genomic DNA was prepared from cell lines using the Blood & Cell Culture DNA Mini Kit (Qiagen). Cells were grown in DMEM media supplemented with 15% FBS. To create replication stress-induced CNVs, cells were treated with HU or APH. In experiment 1, cells were treated with drugs for 72 h, followed by a 24-h recovery period before plating at low density for singlecell clones. In experiment 2, cells were treated for two population doublings (NT, 48 h; APH, 67 h; HU, 120 h) as determined from cell counts of parallel cultures, and plated at low density immediately after treatment. Cells were plated at a density of 100-500 cells per 100-mm culture dish and individual clones isolated using cloning rings after 7-10 d and expanded. In all cases, four separate culture flasks were treated in each of two experiments to ensure that any recurrent CNVs did not arise from the same original cell. SNP Microarrays. CNVs were detected using the 1M feature Illumina HumanOmni1-Quad BeadChip. Arrays were run by the University of Michigan DNA Sequencing Core, including determination of probe log R ratios and B allele frequencies. CNV detection was performed using our software platform, VAMP, as previously described (43) . All clones were analyzed using the appropriate mixed parental cell population as the normalization reference. This approach routinely detects CNVs larger than 20 kb and can detect CNVs as small as ≈1 kb, depending on probe placement.
CNV Breakpoint Junctions. CNV breakpoint junctions were amplified using the Expand Long Template PCR System (Roche Applied Science). For deletions, multiple PCR primer pairs were generated that flanked deletion breakpoints. For duplications, primers were designed within the duplicated region, directed outward, as described previously (18) . PCR amplification generated a product that spanned the breakpoint junction. All products were then subjected to standard Sanger sequencing. The resulting sequence was compared with the reference genome (build hg18) to identify the breakpoint junctions.
Statistical Methods. CNVs in our model system are relatively rare events, and therefore the numbers of CNVs per clone are expected to fit a Poisson distribution determined by the mean frequency of CNVs in all clones, an expectation confirmed by plotting the data as in Fig. 1D . Therefore, P values of treated vs. untreated samples were determined using the one-sided E test for comparing two Poisson mean rates (57) .
To determine whether the observed clustering of CNVs within genome regions was nonrandom, we performed the Monte Carlo simulation summarized in Table S1 . Mock CNVs of the same number and size as the observed set of CNVs were placed randomly throughout the genome with the following restrictions: (i) random CNVs were not allowed to fall within uncharacterized gaps in the reference sequence and on the arrays where experimental detection of CNVs was not possible, (ii) random CNVs had to be contained entirely within a single chromosome, and (iii) CNVs greater than 2.5 Mb (nine; 4% of all observed CNVs) were not included in the analysis because this small number of very large events had the potential to create overlap regions much larger than the hotspots we sought to define. CNV hotspots in either the observed or a simulation data set were identified as regions of the genome containing overlapping or closely adjacent CNVs. CNVs were considered to be closely adjacent if their nearest ends were separated by less than 250 Kb (i.e., less than 10% of the maximum allowed CNV size). A simulation of 10,000 iterations was performed on the combined APH plus HU CNV sets. The number of genome regions containing different numbers of clustered CNVs was determined for the actual data and each simulation iteration. Averaging over all iterations of the simulation provided λ N , the mean expected number of regions for each CNV count, N. When no regions with N clustered CNVs were observed in the simulation, 1/10,000 = 0.0001 was taken as the maximal estimate of λ N . The estimated probability of observing one or more regions with N clustered CNVs, P(>0), was calculated from the cumulative Poisson distribution as 1 − Poisson(0 j λ N ). More generally, the estimated probability of observing R obs or more regions with N clustered CNVs, P(R obs ), was calculated as 1 − Poisson(R obs − 1 j λ N ). Using the more conservative estimate P(>0) and a cutoff of P = 0.01, this analysis indicated that observed genome regions containing four or more clustered CNVs were nonrandom (highlighted by shading in Dataset S1). Importantly, most observed CNVs (140 of 207; 68%) were not in hotpots and thus appear randomly distributed throughout the genome.
A second simulation was used to estimate the probability that observed CNV regions were enriched for genes. Here, overlapping CNVs were considered as a single genome region to prevent hotspots from having too large of an influence on the outcome. As above, events greater than 2.5 Mb were not considered, yielding 149 unique CNV regions. Regions were scored as positive if they crossed any gene in the National Center for Biotechnology Information RefSeq annotation. A 10,000-iteration simulation was performed by querying the fraction of randomly placed CNV regions of the same size as the observed set that crossed genes, with the same restrictions as for hotspot identification.
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